Abstract This study develops a new mechanicalbased method to determine the complex modulus and modulus gradient of field-aged asphalt mixtures using the direct tension test. Due to the non-uniform aging nature of the field cores, the mechanical responses must be measured at different depths. Meanwhile, the monotonic load is not applied at the neutral axis of the field core specimen due to the modulus gradient, the tensile part of the strain is used and should be separated from the measurement because of the eccentric loading. The modulus gradient parameters, the location of the neutral axis, and the stress distribution are first obtained using the elastic formulas for a series of loading times. Then the complex modulus is determined using the Laplace transform and the elastic-viscoelastic correspondence principle. An inverse approach and iteration are then proposed by using the pseudo strain to accurately calculate the modulus gradient parameters after the relaxation modulus and reference modulus are determined.
Introduction
The dynamic modulus of asphalt mixtures is a material property and one of the most important inputs in the Pavement Mechanistic-Empirical (ME) Design [1] . It is also used as an indicator for either the level of aging or damage of the asphalt mixtures. Due to its importance, the dynamic modulus has been widely used and well determined for the laboratorymixed-laboratory-compacted (LMLC) asphalt mixtures. In general, the modulus of the unaged LMLC asphalt mixtures is affected by some factors such as binder type and content, aggregate type and gradation, and mix design. These factors can be well controlled in the laboratory and the field construction. However, when considering the field-aged asphalt mixtures, the effects of field aging process and non-uniform air void distribution cannot be ignored. On the other hand, the properties of fieldaged asphalt mixtures can provide valuable information regarding the pavement condition since they can be used to make maintenance decisions and performance predictions.
In general, the field-aged asphalt mixtures become stiffer after a long-term aging period, which is similar with the LMLC mixtures under the long-term aging in the laboratory. In addition to the long-term aging, there is another unique aging feature for the field cores: non-uniform aging in the pavement depth. It is known that the surface of the asphalt layer suffers from the solar radiation and oxidative aging more than deeper layers, as the oxygen needs time to diffuse through the interconnected air voids into the pavement structure from the surface of the pavement. Thus less carbonyl area is formed at deeper layers due to the less volume of oxygen and contact area. As a result, the modulus at the surface is higher than the other layers, and finally a modulus gradient is developed.
In order to take into account the field aging of asphalt mixtures in the Pavement ME Design, considerable research efforts have been made to either simulate or analyze the field aging in the laboratory, in both binder level and mixture level, or extract binders using the solvent from the field cores then determine the complex shear modulus and phase angle of the aged binders [2] . One of the widely used methods is the AASHTO R30 aging procedure [3] . It has been questioned to be too moderate, which cannot be used to reflect the aging of the asphalt mixtures in the field. Meanwhile, in order to simulate aging in a rational way, it is suggested that for different types of asphalt mixtures such as unmodified and modified mixtures, different aging protocols need to be developed [4] . In addition, the complicated non-uniform aging is even more difficult to be simulated. For the binder extraction method, the viscosity is determined for the extracted aged binders at different pavement depths from the field cores, the viscosity gradient with pavement depth and aging time can also be obtained [5] . However, there is one main problem with this method: some effects such as air void distribution, aggregate gradation, binder absorption, and aggregatebinder interaction on the modulus of the mixtures are not considered [6, 7] .
As a result, it is preferred to obtain the material properties of the field cores directly. It is known that conducting the mechanical tests on the field cores remains difficult mainly due to the geometry compared to the LMLC mixtures specimens. The typical issue is the required dimension for a cylindrical specimen. The thickness of field cores normally ranges from 26 to 100 mm (1 to 4 inches) and even smaller for the overlays, which is insufficient to be used in the standard dynamic modulus test. To overcome this issue, recent studies determine that the thickness for rectangular and cylindrical field core specimens can be as thin as 26 mm (1 inch) for both dynamic modulus test and damage test, and the test results are in the same ranges with those for the standard dimension specimen [8, 9] . This valuable conclusion provides a guide for dealing with those with small specimen geometries such as field cores. In these studies, the tested specimens are obtained from different depths of one original field core, which are used to reflect the modulus distribution along the pavement depth. The traditional uniaxial tensioncompression test is then conducted at different temperatures and frequencies to obtain the dynamic modulus master curves of field cores at different depths. However, it should be noted that the aging has been found to be most severe in the top surface especially the top 13 mm (0.5 inch) [5, 10] . The methods mentioned above are actually to measure the average modulus of each field core specimen, which may not be able to capture this gradient feature at top 13 mm.
Under this circumstance, this study presents a new mechanical method to determine the complex modulus and modulus gradient of field cores using the direct tension test. The direct tension test is adopted because of the three key advantages: (1) it is simpler to conduct and only takes less than 1 min for a given temperature; (2) it causes no damage to the specimen if the strain limitation is carefully controlled; and (3) the tensile modulus is determined instead of compressive modulus. It has been shown that the tensile modulus and compressive modulus of asphalt mixtures are different in both the magnitudes and phase angles [11] . However, most tests are conducted in the compression mode [1] and flexion mode [12] . The tensile modulus is necessary, especially for the characterization of various types of cracking in the asphalt pavements. In this study, an inverse approach is proposed to accurately determine the complex modulus and modulus gradient at different temperatures using the elastic theory, pseudo strain concept and elastic-viscoelastic correspondence principle. This paper is organized as follows. The next section describes the information and preparation for both field core specimens and LMLC specimens. The test protocol to determine the complex modulus and modulus gradient is also discussed. The following section provides detailed derivations and results of the complex modulus and modulus gradient using the inverse approach. The last section summarizes the findings and future work.
Direct tension test to measure modulus gradient
The test protocol to measure the complex modulus and modulus gradient is elaborated in this section, which include:
1. The materials for testing, containing asphalt field cores and LMLC mixtures; 2. The configuration and procedure of the direct tension test with a nondestructive monotonically increasing load; and 3. The characteristics of mechanical responses of field cores as well as their comparisons with those of LMLC mixtures.
Asphalt field cores and LMLC mixtures
The asphalt field cores used in this study include one type of hot mix asphalt (HMA). They are collected from a field project near the Austin Bergstrom airport in Texas. The field asphalt mixtures are fabricated with a PG 70-22 asphalt binder and Texas limestone aggregates. The binder content is 5.2%, the nominal maximum aggregate size is 10 mm (3/8 inch). The detailed mix design and the aggregate gradation can be found in this report [13] . The cores are taken at the center of two lanes of a HMA section at 8 months and 22 months after construction. It is reasonable to assume that the collected cores are not damaged by traffic within this aging period when they are in the field. In order to demonstrate the features of field cores, laboratory HMA specimens are also fabricated. The parallel tests are performed between the field and LMLC specimens to demonstrate the differences in the measured data. Two air void contents for the laboratory specimens are chosen. The tested LMLC specimens are obtained only from the center of the compacted cylinder samples for the purpose of having uniform air void distributions through their thicknesses.
All of the original cylinder field cores and LMLC mixtures samples are cut into rectangular specimens 102 mm (4 inches) long and 76 mm (3 inches) wide. The thickness of the rectangular specimen varies from 38 to 51 mm (1.5 to 2 inches) dependent on the thickness of the original field core. The thickness of the LMLC specimens is 38 mm (1.5 inches). Then the steel studs are glued on the top, center and bottom of the specimens for placing linear variable differential transformers (LVDTs). The rectangular field core specimen preparation is shown in Fig. 1 . The air void content, thickness and aging time of each field and LMLC specimen are given in Table 1 .
After being cut and trimmed in the laboratory, each rectangular specimen is fixed with six LVDTs, as shown in Fig. 2a . The two vertical LVDTs are used to measure the vertical deformations of the top and bottom of the specimen, respectively; another pair attached on the two sides is used to measure the vertical deformations of the center of the specimen. The two horizontal LVDTs are used to measure the lateral deformations of the top and bottom, respectively. This lateral deformation is used to determine the Poisson's ratio of field cores, which will be discussed in a following study. The gauge length is 50.8 mm (2 inches) for each LVDT.
Direct tension test
The direct tension test is conducted using the Material Test System (MTS) shown in Fig. 2b . A nondestructive monotonically increasing load is applied on the rectangular specimens at 10, 20 and 30°C at a ramp rate of 0.020 mm/min, respectively. This MTS is an electrohydraulic servo machine. It includes a load cell, a temperature chamber, and is connected to a desktop for reading, saving and analyzing the test results including the load and strains. The MTS is also equipped of ball joints. To keep the specimens intact, the maximum tensile strain is set below 100 microstrains as suggested in the literature [14] [15] [16] . This type of LVDT can measure 100 microstrains accurately. It takes approximately 2 h to change the temperature of the specimens from one to another, and it takes approximately 8 h to finish the entire set of the tests for three temperatures. A new set of specimens are put in the temperature chamber overnight to reach the temperature equilibrium and recover the temperature loss due to opening the chamber for unloading and removing the previous specimens.
The direct tension tests conducted on the tested specimens at each temperature are repeated three times in order to avoid the undesired test errors and confirm that the specimens are undamaged during testing. Otherwise, the data cannot be used for analysis. Note that a rest period of 15 min between the two tests is needed to recover the viscoelastic strains after one test. The three repeated test results are shown in Fig. 3 , which indicates that a rest period of 15 min is enough and the repeatability is satisfied.
Mechanical responses of field cores and LMLC mixtures
The mechanical responses of the field cores and LMLC specimens are discussed herein shown in Figs. 4, 5 and 6. Figure 4a shows the measured loads applied on the field core specimen when the test temperatures are 10 and 30°C, respectively. It can be seen that as the temperature increases, the load-time curve becomes smaller and more curved, and the duration of the test is shorter. This observation indicates that the use of time-temperature superposition and thermorheologically simple material properties may be applied to the field specimens. Figure 4b presents the applied loads when the aging times are 8 and 22 months, respectively, it shows when the aging time is longer, the field core specimens become stiffer. Figure 5 presents the measured vertical and horizontal strains of the field core specimen calculated from the readings of the deformations of one vertical and one horizontal LVDTs attached at the top. The vertical deformations are recorded by the four vertical LVDTs attached at the top, center and bottom, whereas the horizontal deformations are recorded by the two horizontal LVDTs attached on the top and bottom. Note that the vertical strains at the center of the specimen are calculated by averaging the readings from the two LVDTs attached on the two center sides. It is shown that as the tensile load increases, the vertical strain increases whereas the horizontal strain decreases.
Figures 6a and 6b compare the induced vertical strains obtained from the corresponding vertical deformation data for the field core specimen and LMLC specimen, respectively. Under the similar loading, the measured vertical strains in the field and laboratory specimens are obviously different. The three measured vertical strains in the field core specimen (Fig. 6a) have different magnitudes at the three locations, which are closely related to the modulus at each depth. However, the three measured strains for the LMLC specimen are almost identical . It is known that the LMLC specimen has an almost uniform modulus across the thickness. Therefore, the difference between three measured strains of the LMLC specimen is minimal. The measured strains at the top, center and bottom for the field core specimens are different, which is due to the non-uniform modulus distribution in the field cores. In general, the strain at the top is smallest and the strain at the bottom is largest, which reflects the modulus distribution. Figure 6c illustrates that the strain is smaller and increases slower for the field specimen with a longer aging time, which shows the long-term aging effect on the mechanical response. Due to the existence of the modulus gradient, the monotonic load applied at the center of the field core specimen is actually located different from the neutral axis as shown in Fig. 7 . It is expected that the neutral axis is closer to the stiffer side than to the softer side. This eccentricity induces a bending moment and corresponding bending strains at these three locations during the testing. Therefore, the measured strains at the top, center and bottom include two parts: the tensile strain and bending strain. The discussions regarding the eccentric loading are detailed in the next section.
In the previous study [16] , the modulus gradient is obtained and verified based on the strain amplitude. As proposed in [16] , the modulus gradient of a field core specimen at a specific loading frequency and temperature is modeled by Eqs. (1) and (2):
where E (z) is the dynamic modulus in pavement depth z at a specific loading frequency and temperature; E d and E 0 are the dynamic moduli at the top and bottom at Illustration of non-uniform distributions of stress, strain, and modulus in field core specimen the same loading condition, respectively; d is the thickness of the field core specimen; n is the model parameter, which presents the shape of the stiffness gradient; and k is the ratio of the modulus at the top to the modulus at the bottom. When z equals to d 2 , the center modulus E c is obtained.
Derivations of complex modulus gradient
The objective of this section is to determine the complex modulus based on the unique characteristics of field cores mentioned above. More specifically, there are two main subjects that have to be addressed:
1. How to determine the parameters of the modulus gradient of a field core specimen; and 2. How to convert the measured data and parameters of modulus gradient to its corresponding viscoelastic property: complex modulus.
Inverse application of viscoelastic-elastic correspondence principle
As stated above, the stress, strain, and modulus of an asphalt field core are non-uniformly distributed as schematically shown in Fig. 7 . This adds significant difficulty in the viscoelastic analysis of field core specimens. The solution to this problem is to introduce the viscoelastic-elastic correspondence principle [17] , so a viscoelastic problem can be inferred from a reference elastic problem. For an undamaged viscoelastic material, there is a linear relationship between the stress and the pseudo strain:
where r(t) is the stress in the undamaged viscoelastic material, or called viscoelastic stress; e R (t) is the pseudo strain; and E R is the reference modulus, which can be assigned as the Young's modulus [18] . The pseudo strain is defined as
where E(t) is the relaxation modulus of the material; eðnÞ is the strain history; n is a time between 0 and t; t is the loading time. The relaxation modulus for a short loading time like the one in the direct tension test above can be defined by [19] :
where E ? is the long term relaxation modulus; E 1 is the relaxation modulus coefficient; and j is the relaxation time.
Once the dynamic modulus of a viscoelastic material is known from the measured load and strain, the relaxation modulus can be calculated from the dynamic modulus-relaxation modulus relationship [20] . Then the reference modulus and pseudo strain can be obtained from Eqs. (3) to (5) . The reason why the pseudo strain needs to be determined and used other than the measured strain is that it is not appropriate to use the measured strain which is the viscoelastic strain in the elastic theory (i.e., bending theory) to solve for the modulus gradient parameters n and k. In this study, due to the complexities of stress and strain in the field core specimen, an inverse analysis with an iteration process is proposed to determine the pseudo strain and the gradient parameters. More specifically, it contains the following steps:
I. In the first iteration:
1. Use the measured tensile strain of an undamaged field core specimen as the seed value for the pseudo strain. In other words, temporarily, there is an elastic relationship between the measured stress and the measured strain; 2. Utilize the elastic theory along with the measured load/strains to determine the modulus gradient parameters. The values of n and k are determined and checked for their dependence on loading time and frequency; 3. Convert the functions of the measured load/strains and modulus gradient parameters using the Laplace transform to calculate the corresponding viscoelastic property: complex modulus; 4. Calculate the relaxation modulus then the reference modulus using the calculated complex modulus; and 5. Calculate the pseudo strain by the reference modulus.
II. In the second iteration: replace the measured strain with the calculated pseudo strain as the seed value after the first iteration and repeat steps 2-5. III. In the following iterations (normally 3-5):
1. Replace the pseudo strain in the previous iteration with the newest one and repeat steps 2-5; and 2. Stop the iteration when the pseudo strain is stable. Then the modulus gradient parameters converge, the complex modulus and pseudo strain will not change.
In the following subsections, the major steps are elaborated in sequence and the final equations of the complex moduli of different depths of the field cores are presented.
Determination of modulus gradient parameters
Using the pseudo strain to determine the modulus gradient parameters contains three steps discussed below.
Step 1 Decomposition of vertical strains in field core specimens As indicated above, there is an eccentricity between the location of the load and neutral axis in the field core specimens. As a result, the vertical pseudo strains at top, center and bottom can be decomposed into the tensile portions and bending portions as follows:
where e 0 , e c , e d are the vertical pseudo strains at top, center and bottom of the specimen, respectively; e 0t , e ct and e dt are the tensile portions of the vertical pseudo strains at top, center and bottom, respectively; e 0b , e cb and e db are the bending portions of the vertical pseudo strains at top, center and bottom, respectively; P is the magnitude of the load; and a, b, and c are the coefficients to account for the non-uniform distribution of the stress in the field core specimen; A is the loading area; M is the induced moment ½M ¼ Pð d 2 À zÞ; Z is the distance from the neutral axis to the top, d 2 À Z and d À Z are the distances from the neutral axis to the center and from the neutral axis to the bottom, respectively; E 0 , E c and E d are the modulus at top, center and bottom, respectively; and I is the moment of inertia. Note that the bending strain at the top is negative, so it is subtracted from the strain at the top as in Eq. (6) . At the other two locations, the bending strains are positive.
Step 2 Formulation of value and location of the load in field core specimens.
Assume that the distribution of the tensile portion of the pseudo strain is:
The modulus has a distribution defined in Eq. (1). Then the magnitude of the load is calculated by the integral of the tensile stress as follows:
where m and d are the width and thickness of the field core specimen, respectively; and A is the cross sectional area (A = md). The location of the neutral axis relative to the top of the specimen is determined by Eq. (11):
For the case of the LMLC specimen, the pseudo strains are the same at different locations and k equals to 1. Thus Z reduces in d 2 in Eq. (11), which is the centerline of the specimen. However, for a field specimen, Z is always smaller than d 2 given that k is larger than 1.
Step 3 Solve for n and k in the modulus gradient model.
Select the values of the pseudo strain and load at different loading times (in this case from 5 to 35 s) of the direct tension test, which are given in Table 2 . For every second of the loading time, substitute the measured values into Eqs. (6)- (11) and solve for a, b, c, n, and k. The results of a field core specimen are also given in Table 2 . For the first iteration, the values of the pseudo strains are equal to the tensile strains measured from the direct tension test, which are used as the seed values. In the following iterations, these strains are the pseudo strains calculated from the previous iteration after determining the complex modulus and relaxation modulus detailed in the following subsection. The changes of the values of a, b, c, n, and k become small from the second iteration to the third one. Therefore, it is regarded that the results converge at the third iteration. The details regarding the determinations of iterations and pseudo strains will be discussed in the next section.
It should be noted that the exponent n and the ratio k are the material properties since they are the two parameters in the modulus gradient equation and must be included in the application of the correspondence principle which transforms an elastic equation into the Laplace transform of a viscoelastic equation. With each iteration, both n and k are determined to be time-dependent, as seen in Table 2 , which shows their final converged values. They both increase slightly with loading time and decreases slightly with frequency.
3.3 Determination of complex modulus using approximated n and k
After obtaining the modulus gradient parameters, the next step is to convert the elastic property to the corresponding viscoelastic property using the Laplace transform. The procedure is given below in sequence.
In the direct tension test, the measured load and tensile portions of the strains versus time of a field core specimen are modeled as follows:
• Monotonic tensile load PðtÞ:
• Tensile portions of the strains at the top and bottom of the field core specimen:
• Modulus gradient parameters n and k:
where a P and b P are the fitting parameters for the load; a 0 and b 0 are the fitting parameters for the tensile portion of strain at the top; a d and b d are the fitting parameters for the tensile portion of the strain at the bottom; and n 0 , k 0 , b n and b k are the fitting parameters for the modulus gradient parameters n and k. Using the Laplace transform, the elastic forms in Eqs. (12)- (16) can be rewritten as viscoelastic (17)- (21):
where s is the variable in the Laplace domain; PðsÞ, e 0t ðsÞ, e dt ðsÞ, nðsÞ, and kðsÞ are the corresponding load, strains, n and k in the Laplace domain. The viscoelastic forms of n and k are shown in Eqs. (22) and (23).
For small values of b n and b k , the values of snðsÞ and skðsÞ are closely approximated by the constants n 0 and k 0 , as shown in Eqs. (22) and (23).
To obtain the modulus in the Laplace domain, the Laplace transform is taken on both sides of Eq. (10) and used to solve for the modulus at the bottom, which gives:
where E d ðsÞ is the bottom modulus in the Laplace domain.
The relationship between the complex modulus and relaxation modulus is shown in Eq. (25) [21] :
Therefore, the complex modulus at the bottom of the field core specimen can be obtained by substituting Eqs. (24) into (25), which is shown by:
The final expression of the complex modulus at the bottom is shown in Eq. (27) by substituting Eqs. (17)- (19), (22) and (23) into Eq. (26):
in which
When the complex modulus at the bottom is determined, the complex modulus at the top in the Laplace domain can be determined as shown in Eq. (28):
where E 0 ðsÞ is the corresponding modulus at the top of a field core in the Laplace domain. The complex modulus at the center of the field core in the Laplace domain is determined by:
Similarly, the complex modulus at the top and that at the center can be determined as follows:
The complex modulus includes a real part and an imaginary part, and the dynamic modulus is defined as
where E 0 is real or storage modulus component; E 00 is imaginary or loss modulus component; E Ã ðxÞ j jis the magnitude of the complex modulus, or dynamic modulus. The phase angle of the complex modulus is calculated using Eq. (33), which is also frequency dependent.
Note that the range of the frequency for the dynamic modulus depends on the duration of the loading time of the direct tension test. A timefrequency relationship is needed to convert the ranges in the time domain to frequency domain. In this study, Eq. 
The calculated dynamic modulus versus the associated frequency is shown in Fig. 8 , using the fitting parameters at the three temperatures.
Determination of complex modulus using complex n and k
It should be mentioned that the calculations of the complex modulus above are based on the approximated results of Laplace transform of n and k by Eqs. (22) and (23). This generates a dynamic modulus gradient, but results in an issue that the phase angles at the top, center, and bottom are the same according to Eqs. (27), (30), (31), and (33). As a matter of fact, the phase angle should also have a gradient along the pavement depth. However, the derivations and computations become too complicated when using the accurate results of Laplace transform of n and k. In this study, the approximation method to calculate the complex moduli is adopted. The derivations and expressions of the complex moduli with complex n and k are presented in the Appendix, which also provides the phase angle gradient accurately.
Determination of relaxation modulus, reference modulus and modulus gradient
After obtaining the initial complex modulus, the corresponding relaxation modulus and reference modulus can be computed. First, the master curve of the dynamic modulus is constructed at a reference temperature of 20°C using the sigmoidal model shown in Eq. (35).
where d is the value of the lower asymptote, a is the difference between the upper and lower asymptotes, b and c are shape coefficients, and a T is the timetemperature shift factor. The Williams-Landel-Ferry (WLF) equation is employed as the shift factor equation:
where T is the test temperature, T r is the reference temperature, C 1 and C 2 are the positive fitting parameters. Figure 9 shows the master curve constructed by Eqs. (35) and (36) for the bottom modulus of a field core specimen. Once the dynamic modulus master curve is determined, the relaxation modulus can also be constructed according to their relationships shown in Eqs. (37) and (38). When the relaxation modulus is fitted by the Prony series model:
where E ? is the long term relaxation modulus; E j are the relaxation modulus coefficients; and j j are the relaxation times. The dynamic modulus is given by:
As a result, the fitting parameters for the relaxation modulus can be computed by Eq. (38) based on the dynamic modulus master curve determined above. The calculation results is given in Fig. 10 .
To faciliate the calcualtion of the pseudo strain, fit the relaxation modulus determimed above by a simpler model like that in Eq. (5). Substitute Eq. (5) and the strain history formulated by Eqs. (14) into (4), which gives:
where e d (t) is the pseudo strain at the bottom of the field core specimen. Since the Young's modulus of asphalt materials is not easy to determine using [18] , the representative elastic modulus formulated by Eq. (40) is used to estimate the reference modulus [20] .
where E re is the representative elastic modulus; E Ã j j is the dynamic modulus; f is the frequency of a load pulse; and t p is the pulse time of a load. The pulse time of 0.1 s is chosen in this study, so using Eq. (40), the reference modulus is calculated with the dynamic modulus master curve and relaxation modulus determined previously. The pseudo strains at 30°C at different iterations and the strain measured from the direct tension test are shown in Fig. 11 . It can be seen that the pseudo strain is smaller than the measured strain, especially for the longer loading time. This phenomenon matches the understanding that the viscous effect is more active when the temperature is higher, which is corresponding to a lower loading frequency or a higher loading time.
Once the relationships of the pseudo strains and time are determined, the measured strains used in the first iteration are replaced by the pseudo strains to recalculate the values of n and k using Eqs. (6)- (11) . (40) to obtain the new dynamic modulus master curve and relaxation modulus again. This procedure is repeated until the convergence requirement of the values of n and k are met. In general, the values of n and k become stable within 5 iterations. For instance, in Fig. 11 , the change of the pseudo strain at 30°C is minimal after 3 iterations. Once the convergence is reached, the complex modulus and the modulus gradient parameters can be regarded as the actual material properties. The three complex moduli are determined with the updated n and k using Eqs. (27), (30) and (31). The modulus gradient is then extracted from the dynamic modulus curves at the three depths and three temperatures for 8 and 22 months aged field core specimens when the loading frequency is 0.1 Hz, which is shown in Fig. 12 .
Conclusions and future work
This paper targets the asphalt field cores and proposes a methodology to determine the complex modulus and modulus gradient using the direct tension test. A total of four HMA field cores at two aging times and two laboratory fabricated mixtures are prepared and tested in this study. The major contributions of this paper are summarized as follows:
• The strains at different depths of the field core specimens are different, which is related to the modulus gradient, however, the strains for the LMLC mixtures are almost identical.
• Due to the nature of the modulus gradient, the strains should be decomposed into tensile and bending portions from the elastic theory. The tensile portion is used and the two aging parameters n and k in the modulus gradient equation for different loading times and the modulus gradient can be obtained.
• Using the Laplace transform and correspondence principle, the elastic forms can be further converted into the viscoelastic forms, which is used to determine the dynamic modulus.
• An inverse approach with an iteration process for field cores is proposed using the pseudo strain concept. The relaxation modulus and reference modulus are determined to calculate the pseudo strain. Since the measured strain (i.e., viscoelastic strain) is not appropriate to be used in the elastic formulas, pseudo strain should be calculated to determine the accurate results of n and k, and dynamic modulus.
In a continuation of this paper, the dynamic modulus, viscoelastic Poisson's ratio and the corresponding phase angles will be determined to obtain a full characterization of the viscoelastic properties of asphalt field cores. The viscoelastic properties of the field core specimens are elaborated and show the timedependency, non-uniform aging dependency and the long-term aging dependency. It is worth noting that the air void distribution of field specimens also has an influence on the dynamic modulus at different depths, and it should be taken into account carefully. In addition, the properties of warm mix asphalt mixtures (WMA) at the same aging condition are compared with the HMA dynamic modulus and Poisson's ratio. 
Appendix
When the accurate Laplace transformed results of n and k are used to derive the complex modulus, the n 0 þ2 is determined shown in Eq. (41) using complex numbers of n and k.
where
, F 2 ¼
After obtaining the expressions for A and B, Eq. (27) for the modulus at the bottom is reformulated as follows:
Based on the elastic relation for top and bottom modulus shown in Eq. (2), the complex modulus at the top is shown as
The complex modulus at the top is determined as
The elastic equation for the center modulus can be derived from Eq. (1), which is shown as
